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INTRODUCTION 



A recent state-of-the-art review of rapid solidification technology (R ST )(1) as applied to 

— ir;; hat an exci,in? " new a ^ i ° ^ co„™ P 

sohd,f,o.,,o„ Th,s report examinee the statue and potential o, RST as applied to ceramics 

The bas,e effect of ^ repid coo,,„ g to oera ml cs is anaio^ tnat , " It 

d ' f,US,<>n " ithi " mat ^ - *» Vincent of e^^, 

Phases and m.cros.ruotures which are characteristic of .'slowly' cooled materia Thus fh 

(1) Grain size decrease with increasing solidification rate 

(2) increased chemical homogeneity (optimisation, with increasing solidification 

(3) Extension of solid solubility with increasing solidification rate 

(4) Metastable crystal structures, some previously unreported 

(5) ^te^,^r taU " ,0 « -crystalline, .mer- 
le the research to date on RS ceramics, attention has focused on effects (3, through „, above 

The pnmary objectives of this report are to: 

. Provide a comprehensive summary of ceramic RST research to date 

* a s ras^ a , r u, e il^,r ^te<i prop ' rties ° f ^ ~»«^ «. 

* S y B '" d ° iSCUSS lhe '-ore retarding development or application of RS 
' RsTeramfcs 0mmendati0nS '° r «* development and application of 

develop ■£ ^ enSe " eral deCad ' S f - '-e inl„al research on rapidly solidified metals ,o 
develop the 00mmerelal proMsscs ^ ^ ^ ^ 

,r r*r 67 ° f me,ais ' * sh ° u,d <° *— «- '«* — - • 

commercial RS processing of ceramics. realizing 
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SUMMARY 

The application of rapid solidification technology to ceramics is in the early exploratory 
research stage; Fairly extensive laboratory studies have demonstrated unique or potentially 
valuable properties for RS ceramics including: ionic conductivities many orders of magnitude 
higher than for polycrystalline forms of the same compositions, temperature dependent high 
dielectric constants, electrochromism, pyroelectric characteristics, semiconductivities, 
magnetic characteristics, long wavelength IR transmission, and anisbtropy. No known efforts 
are currently in progress to commercialize any of these materials. 

Except for a few studies on sulfates and fluorides, RS ceramic studies have been limited 
to oxide systems. The results of these studies indicate that a very large number of ceramic 
compositions can be produced in noncrystalline or glass form using cooling rates 
of >10 6 K/sec. 

The potential of rapid solidification processing to produce ceramics with valuable new 
property characteristics or new levels of performance appears to justify a major research 
commitment. It is recommended that research emphasize the development of process 
technology capable of: 

. • Producing quenched noncrystalline and glass powders in commercial quantities 

• Producing continuous fiber, foil, or strip and powders 

• Consolidating RS powders into useful forms while retaining the metastable 
powder microstructures without introducing competing or degrading side 
effects 

• Applying thin noncrystalline or glass coatings. 

It is also recommended that RS research be conducted to explore the mechanical properties 
which might be achieved via RS materials, and to continue the general laboratory studies on 
RS ceramic materials. 
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STATUS OF RAPIDLY SOLIDIFIED CERAMICS TECHNOLOGY 

This technology assessment is divided into three parts for discussion- m 
technics, and equipment developed for rapid solidif cation, ( Ts' c ral 
Produced, and (ft the demonstrated properties of these material m3temlS 

RAPID SOLIDIFICATION PROCESSES, TECHNIQUES, AND EQUIPMENT 

Before discussing rapid solidification processes and techniques it is h.i™f , ♦ 
range of cooling rates involved Public , J mBS ' * ' S helpful to de ^e the 

spanned the cooling range f m 10 to 0 9 K/ A " ^ S ° IidifiCati ° n " h&S 
obtained from the foUo J^Z^ ^ °' ^ »° 

A small pellet dropped into mercury cools at a rate of -10* to 10» K/sec 
s^e\S^ ^ on a metal quench 

Rapid solidification processes involve two operations: (1) the generation of W > m 
melt and (2) the rapid solidification (cooling) of the melt A i , * 

laboratory techniques for r-nMi discussion of several reported 

wry tecnniques for rapidly cooling ceramics follows. 

Laser Spin Melt With Free Fall Cooling 

This technique reported by TopolW fa one of the simolest t«* ■ '* 

fan through , he . Ir 0 l ch . k , ' ' " e " drOPU,S ' Pi " >" and ~M f "e 

«. « -us -^trsr^-ir: ,rom about 100 ,o 

A/sec and probably poor process control in terms of melt t om „ * 
rates of individual spherules. temperature and quench 

. - k 

Taylor Wire Technique 



process may be utilized to form rapidly solidified ceramics as the core material. Figure 1 
illustrates the process with metal as the core material. 

The Taylor process is capable of providing cooling rates in the range of about 10 3 to 
10 5 K/sec. The major disadvantage is the high probability of chemical reaction between the 
core and sheath materials leading to contamination of the core. ^ - 

Plasmatron Technique 

RevcolevschiW has reported the applicability of a plasmatron to produce fine quenched 
powders. Fine powder is injected into a plasma and blown Onto a rotating metallic disk 
(Figure 2). The plasmatron is operated under 20 V and 260 A at gas flow rates of 30 liters/min; 
the molten droplets impinge on a brass disk 7.9 in. (20 cm) in diameter and 0.28 in. (7 mm) 
thick, rotating at 60 rpm. The lower part of the disk is immersed in distilled water to a depth 
of 3.1 in. (8 cm). The quenched material is then collected in the water. The powder 




To Wind Up Drum 



FIGURE 1. SCHEMATIC REPRESENTATION OF THE TAYLOR WIRE PROCESS UTILIZING A 
DOUBLE BUSHING TO DRAW A CLAD TWO-COMPONENT WIRE<3) 
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Rotating Disk 



Plasmatron 




Quenched Powder 



FIGURE 2. PLASMATRON QUENCHING APPARATUS < 4 > 



TIT 7 " Qy> " r6SerV0ir ' °' 79 ^ (2 ° ffim) '" -hich the o*ide 

1 l.ters/hr fad.tate the fluidfcation ofthe powder and ,« s flow throu , h the J^,, £ 

" « • M M from the disk. The temperl* 

attained ■„ .he plasma allow quenching from melts above 543 2 F (3000 C>. The queued 
samples are in the for n „ f a tine powder and the ^ 

Hammer and Anvil Technique 

• <■ 

This technique smashes a mel, between the surfaces of a me..! hammer and anvil so as 
o produce a thin melt ,ayer in eiose eontact with .he me.a, for rapid =:,er.ohi„ e . ZZ 
expenmental devices enjoying , hIs technique are shown in Fibres 3, 4 and 5 The r r 
schprnp n?.m.r.« o\ i * ■ 5 " °' ana 5 * The first 

scheme (Figure 3) employs a laser ,o mel, the tip of a ceramic rod from which a droplet falls 
h ween the hammer and a„vil.«0) A timing device releases .he hammer in order . o L ^ 
and quench the falling droplet. A deficiency of this device is the cooling rate of the Z . 
during the time of fall. Quench rates up to K/sC c are reported plih. ^ m 2 

samples quenched by this technique. Ceramic quench rates might be somewhat ,o„er 
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Lens 



Solenoid 



Specimen 




CO2 Hammer Triggering Triggering Spring 
Laser and Anvil Arm Solenoid 
Device 

FIGURE 3. HAMMER AND ANVIL DEVICE FOR QUENCHING LASER MELT SAMPLES(20) 

Figure 4 illustrates a hammer and anvil quench device reported by Shishido.(5) A 
primary advantage of this device is that the melt is formed in situ on the anvil, thus 
eliminating cooling during free fall as in the preceding device. Quench rates estimated for 
oxide samples using this device were =8 x 10 7 K/sec. 

Revcolevschi( 4 ) reports a third variation of the hammer and anvil technique in which 
solar energy is utilized to melt the ceramic sample. This device is illustrated in Figure 5. 
Attainable cooling rates for this device were estimated as 10 4 to 10^ K/sec. 

Arc melting has also been utilized in conjunction with hammer and anvil quenching. A 
device utilized by Ohring^) is illustrated in Figure 6. In this apparatus the samples are placed 
on a lapped planar depression which serves as the anvil. An aluminum hammer is positioned 
above the sample. When the sample is arc melted the hammer is released to impact, spread, 
and quench the melt. The estimated quench rate was =10 5 K/sec. 



Single Roller Quenching 

Suzuki* 7 ) reports the use of a single roller quench technique. The procedure is to melt 
the ceramic .in a platinum tube 4 in. (10 cm) long by 0.2 in. (5 mm) inner diameter. 
(Presumably the melting is by induction heating.) The melt is pressurized to force it through 
an 0.012 in. (0.3 mm) orifice in the tip (bottom) of the tube and to feed the liquid stream onto 
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Inert Gas Outlet 



Pneumatic Hammer 



Inert Gas Inlet- 




i 

Cooling Water 



To Vacuum Pump 



Germanium Lens 
Laser Beam 



FIGURE 4. RAPID QUENCHING APPARATUS INCORPORATING A LASER BEAMS) 



2 7ZZ a ".'-, (2 °-'^~— t ee. roUer rotatin* at speeds befween ll5 0. 

= r :::: ~ 

technique and estimated quench rates of about 1()5 K/ Sec . the smgle roller 



Centrifugal Quenching 



This technique feeds e liquid (melt) stream onto the inner surface of a rotating m , , 

it::: » ,e r nique has bee ™ * - r 

s" earn « ' '"' 7* ^ ^ ^ inl ° *** « «»" 

of meit. He produced quenched ribbons about 0.08 m. (2 mm) wide by 3.94 in. (1 0 cm, 
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V 



Atmosphere Control 

FIGURE 5. HAMMER AND ANVIL DEVICE ASSOCIATED WITH A SOLAR FURNACE<4) 

long ranging in thickness from 1 to 40 urn. No estimate of quench rate was made. Figure 8 
schematically illustrates this centrifugal quenching method. 

Air Gun Splat Cooling 

Gun splat cooling utilizes the high velocity shock wave of an air gun to drive droplets of 
melt onto a metal quench surface. As the droplets impact the surface they spread or "splat 11 
and quench. This was the earliest technique applied to ceramics and there are many 
variations. 

In the pioneering RS work on ceramic materials Sarjeant and Roy( 10 ) used a variation of 
the apparatus employed earlier by Duwez and Willens^ 11 ) for quenching metals. The 
equipment of Sarjeant and Roy, shown in Figure 9, consisted essentially of two parts, a strip 
heater and an air-powered shock tube. The strip furnace consisted of a thin strip. or wire of 
refractory metal connected to a power source. A few milligrams of the ceramic oxide under 
study were melted in a V-notch in the strip and maintained at about 100 K above the liquidus. 
The air gun was then fired to drive the melt from the strip onto the substrate. Estimated 
attainable cooling rates for splat cooling are above 10^ to 10? K/sec. 

Jantzen(12) utilized laser melting in combination with a variation of the Duwez splat- 
quench technique. The apparatus is illustrated in Figure 10. A molten drop of melt was 
formed on the bottom of a ceramic rod. An air gun was employed to blast the drop off the rod 
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Translatory (Wilson) Seals 



Water Inlet 



Water Inlet ' 



Water Cooled Coaxial Copper Rod 
(Electrically Connected to Welding Machine) 



Argon Gas Inlet 




-Ball Bushing Bearing 



Hammer Assembly . 
Sample Melted on Anvil 



To Vacut 



FIGURE 6. ARC MELT HAMMER AND ANVIL QUENCH DEViCEfsi 

~ ^^^ e r ChtaS -' ^ S *' mate ^ Attainable quench rates for this 
Re.oolevschiM) describes another variation nf .h 

-age furnace floating 30 ne for the JF£° ' «" ^ '^Moue Which envoys an 
P-ita operating „ p t0 „„ p ^C, ^Tr^ *»« **4 < 

***** . C) - Est '"-ted attainabte quench rates are about 

Twin Rotfer Quenching 

This technique has been utilized extenslvelv f m 
studies on cerates. The priory varia." ul ^ d ~"™ " 

-.hod of forming and deHvering the mal, ^ """"^ N »aan the 
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FIGURE 7. SCHEMATIC OF THE SINGLE ROLLER TECHNIQUE* 7 ' 




FIGURE 8. SCHEMATIC OF THE CENTRIFUGAL 
QUENCHING TECHNIQUE^) 
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110 V 



"Substrate ^ 6.5 V Transformer 

FIGURE 9. SCHEMATIC OF THE SPLAT-QUENCH -APPARATUS (10) 



Curved Copper 
Substrate 



Specimen 




Platinum 
Nozzle 



Duwez-Type 
Splat Gun 



To High 
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LASER MELT QUENCH APPARATUS USING DUWEZ-TYPE SPLAT-GUN TECHNIQUE'") 
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Gun Liquid 




High Pressure Gas Water Cooled Substrate 



FIGURE 11. SPLAT COOLING ADAPTED TO AN IMAGE FURNACE FLOATING ZONE^) 

The initial use of twin rollers by Chen and Milled 13 ) merely allowed the melt to drop 
between two counter rotating rollers as illustrated in Figure 12. The melt solidifies as it 
passes through the roller to form flake or "foil" geometries for quenched ceramics or strip for 
ductile metals; Attainable cooling rates were estimated to be about lO 5 K/sec. . 

Tatsumisago( 14 ) has utilized a thermal image furnace for sample melting plus an after, 
heater to better control the melt droplet temperature as it drops to contact the twin rollers. 
This is illustrated in Figure 13. Attainable cooling rates were estimated to be as high 
as rlO 9 K/sec. 

Suzuki and Anthony( 15 ) have utilized plasma torch melting and projection in conjunction 
with twin roller quenching (Figure 14). A ceramic rod specimen was inserted into the plasma 
leading to melting and injection between the rollers. The technique permitted melting and 
quenching compositions with melting points up to 4080 F (2250 C). Attainable quench rate was 
estimated at lO** K/sec. ■ , 

The most extensively utilized and possibly the most controllable twin roller equipment is 
that reported by Nassau et al. of Bell Laboratories^ 16 ) As shown in Figure 15, this design 
utilizes an inductively heated crucible melt which may be pressurized to eject it between the 
rollers. This basic design has been utilized by Bell Labs to rapidly quench a wide range of 
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FIGURE 12. TWIN ROLLER APPARATUS*") 
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FIGURE 13. TWIN ROLLER QUENCHING APPARATUS(14) 
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FIGURE 14. SCHEMATIC OF PLASMA MELT TWIN ROLLER QUENCH APPARATUSES) 



oxide melts and a lesser number of sulfate melts. Attainable quench rates were estimated 
as slO 7 K/sec. 

Roller-Plate Quench 

ToriiU 7 ) reported an interesting variation of the twin roller quench. This is shown 
schematically in Figure 16. Instead of injecting melt between steel rollers, it is injected 
between two metal "plates" (strips) which are drawn between rubber rollers. This arrangement 
provides planar contact instead of the line contact of steel rollers (presumably providing for a 
better quench). No estimate of quench rate was made. 



|te 
Jfe. 

J ffit 

m 



ft RE 
I of 




Pressure - X ■ X - Vacuum 




Steel 
Rollers 



Scrapers 
Collector 



FIGURE 16. TWIN ROLLER QUENCH APPARATUS(17) 



Pendant Drop Melt Extraction 

arop on the tip of a ceramic rod. In unpublished studies at Battels fWmK 

irr impiem r by cn ~ • — - -esse* 

feed rod. Ithaa been poas-bie «. extract and form quenched products in , he form of particles 
fiber, or m.cro-fofl, E „ f produets ^ ^ ™ - £££ 

RS ceram.o material*. Accurate estimates of the attained quench rates were la b 

hibitin, areas of nonc„, y Wd on diffraction, ^CKE 
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FIGURE 16. SCHEMATIC OF 



ROLLER-PLATE QUENCH APPARATUS*") 



Evaporative Decomposition of Solutions (EDS) 

• This process uses a two-fluid atomizer to inject salt solutions or suspensions into a 
vertical furnace hot zone as a mist (Figure 18). Solvent removal and decomposition of the 
residual salt particles are accomplished ' in a few seconds to yield highly reactive an 
homogeneous crystalline and noncrystalline fine oxide powder, The — 
quench rate" has been estimated to be 6 x 10? K/sec. This "effective quench rate., means that 
the EDS(18) process haS been able to produce metastable forms of ceramics which have 
required this quench rate when produced by rapid solidification 

Because this EDS process does not involve rapid solidification it might techmcally be 
considered inappropriate to include it in this report. However, since the process lS capable o 
producing noncrystalline or metastable ceramic powders, it is an alternate route to RS 
production of powder, EDS powders could be utilized assuming that consohdat.n pro 
can be developed to process such powders into useful products while retainmg the metastable 
or noncrystalline microstructure. 
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FIGURE 17. SCHEMATIC OF THE EXPERIMENTAL SET-UP FOR PENDANT DROP MELT 
EXTRACTION EXPERIMENTS 



Summary Comments on RS Processes 

Based upon published literature it can be concluded that only laboratory-scale processes 
have been developed for rapid solidification of ceramic materials. Even on a laboratory scale, 
nonfe of the processes are capable of producing continuous forms such as ribbons or foils. 
Research to date has focused on exploring thte properties of RS ceramics rather than process 
development. 
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FIGURE 18. SCHEMATIC OF A LABORATORY VERSION OF THE EDS PROCESS^) 
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RAPIDLY SOLIDIFIED CERAMIC MATERIALS 

The rapid solidification processes discussed have been annlipH tn » „„ m k # _„.-.,_ 

~ C" xr ' — — uuiuubi vi UAiUC 

Icompositions, a small number of sulfate compositions, and a very few halide compositions. 

A comprehensive listing of the research studies performed on rapidly solidified ceramics 
| is provided in the Appendix, Tables A-l through A-4. These tables summarize the 
f compositions st "died, the RS techniques employed, the approximate quench rates, the physical 
I geometry of quenched products, the metastable forms achieved, and the analytical verification 
'techniques applied to the metastable forms. The properties demonstrated for quenched 
' products are summarized in a subsequent section. 

Before discussing the tables it is desirable to clarify the meaning of the commonly used 
terms noncrystalline and glass. The designation noncrystalline is applied to quenched products 
which exhibit short range order only, i.e., those that show only a broad diffuse scattering to 
X-rays indicating no order beyond about 100 Angstroms. The term glass is usually used to 
indicate that in addition to exhibiting only short range order by X-ray, the material is 
transparent and exhibits a glass transition before transforming exothermally to a crystalline 
phase. The term amorphous is sometimes used interchangeably with noncrystalline, and 
vitreous is synonymous with glassy. 



Oxide Systems 



Single Oxides 



Table A-l summarizes data on single oxides which have been subjected to rapid 
solidification techniques. Only a few of these oxides were quenched to noncrystalline form. 
However, it should be noted that many of the 'experiments utilized estimated quench rates 
of <10 6 K/sec. 

Three of the studies included in Table A-l justify special attention. Suzuki was able to" 
produce noncrystalline Bi 2 0 3 as discontinuous film about 0.2 by 0.4 in. (5 by 10 mm) by 20 to 
50 pm thick using the roller-plate technique. This suggests that with adequate process 
development Bi 2 0 3 might be produced as a continuous noncrystalline foil. Similarly, Suzuki 
centrifugally cast ribbons about 0.08 in. (2 "mm) wide by up to 4 in. (10 cm) long and 1 to 
40 urn thick of mostly amorphous (noncrystalline) y 2 0 5 . The EDS process (although not a true 
RS technique) was successfully used by Roy to produce amorphous A1 2 0 3 powder. 
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In summary, several single oxides have been prepared in noncrystalline form, and it is 

plausible to expect that, with improved RS processing to achieve >10 6 K/sec quench rates, 
many other single oxides will be produced in noncrystalline form. 

Binary Oxides . • 

Table A-2 summarizes reported RS experiments on binary oxide systems. These studies 
have been extensive in number and, in general, were conducted with better controlled and 
higher quench rates (many estimated at >10 6 K/sec) than was true for the single oxide studies. 
Most of these binary oxide systems yielded quenched noncrystalline or glass products for at 
least a portion of the compositional ranges explored. The usual quench product was a small 
flake or splat, sufficient in size for X-ray, DTA, and electrical measurements. The 
experiments summarized in Table A-2 clearly demonstrate that there is a very wide spectrum 
of ceramic compositions capable of forming noncrystalline products when solidified at 
rates >10 6 K/sec. 

Ternary and More Complex Oxides 

Table A-3 summarizes the limited data on reported RS experiments with ternary or more 
complex oxide systems. The first three table entries are borate (B 2 0 3 -base) compositions. 
Since B 2 0 3 is a glass former in the traditional sense, it is not surprising that glassy RS 
products were produced. However, the reason for utilizing RS techniques in these studies was 
to extend the glass forming range and minimize the chances for any crystalline phases in the 
quenched glass product. The niobate and tantalate compositions illustrate that glasses can be 
formed by RS from compositions which are not glass formers by conventional processing. Even 
the relatively low cooling rate (about 10 4 K/sec) of the laser spin melt and free fall technique 
produced partially glassy products for the lanthanate-aluminate-gallinate compositions. 

Non-Oxide Systems 

As indicated by Table A-4 very few non-oxide ceramics have been reported in rapid 
solidification studies. In the sulfate system RS greatly extended the glass forming capability 
over conventional (slow) air or water quenching. RS processing also extended the glass 
forming compositional range for the fluoride system. The crystal compound As 2 Te 2 was also 
produced in amorphous form. 




UNIQUE OR POTENTIALLY VALUABLE PROPERTIES OP RS CERAMICS 

The application of rapid solidification t 0 «h««. — , ... ... 

. . " ^"bj «miicv;iiy or airectiy to ceramic 

materials can !ead ,o products with unique or high performance properties. An exampie „, 
indirect uta.sation is the patent by Shirks) on rapid solidification of a giass which is then 
{. nucleated and crystallized to yield barium ferrite exhibiting the highest Known reported 
t " ) CMrC,Ve f0rM (5 ' 350 0e) - A " ™»Pta of direct RS utilization is the patent by G.ass 
e aL 1 on the RS formation of amorphous niobates and .anta.a.es exhibiting very high values 
of dielectric constants and ionic conductivity. Glaas e, 1.(33) nas reported ^ temperature 
• ionic conductivity values for amorphous LiNbOj 1020 tlmes .arger than extrapoiated room 
temperature values for single crystal LiNb0 3 . 

Table 1 summarizes reported RS ceramics which have exhibited especially interesting 
electrics, magnetic, or optical properties. These observed properties are discussed in more 
detail in the following subsections, 

Ionic Conductivity 

Oxides 

A large number of quenched alkali oxide compositions' have been explored for ionic 
co„due.,v,,y including: .an.ala.es, alumina.es, niobates, tungstates, moiybda.es, bismuthates, 
and galanates. 

nioh T^T al ' (33 ' 52) reP ° r,ed " ela,iVely h ' eh «* wenched glass alkali 

moba.es and tan.ala.es. Figure 19 shows ,he variation of Lf conduc.ivi.y as a function of 

crystai L, N b0 3 for comparison. It can be seen .ha. RS LiNbOj and LiTa0 3 are both more 
conductive .ban the lithium aluminum silicate glass and much more conductive than single 
crystal LiNbOj. The extrapoia.ed value of conductivity of UNb0 3 singie crys.ai at.room' ' 
.en.pera.ure ,s 1.M times smaRer than .ha. of .he giass. The direc. current electronic 
conductivity for all measurements was less than 10"" (ohm-em)- 1 . 

' ' The lithium conduction of rapidly quenched Li 2 0-Al 2 0 3 , Li 2 0-Ga 2 0 3 , and Li 2 0-Bi 2 0, 
glasses has been reported by Glass«»> and NasW<"> Kipire 20 shows ^ °J 
act.vat.on energies for quenched glass compositions in three systems. Figure 21 shows the 
variation of ionic conductivity as a function of Li 2 0 content. 

The glasses of composition Li s A10 4 and Li 5 Ga0 4 exhibited considerably greater ionic 
conductivity than .heir crystalline counterparts at room temperature (behavior similar to the 
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previously discussed alkali niobate and tantalate glasses). Crystalline Li A,n „ ,. 
reportedly nave conductivities extrapolated to room te m eratu „ J - ^ \T* 
3 x io-12 ( „hm-om,-l and activat|on enefgles J » « - » 4 (ohm-cm,-! .« 

compared to o -5 x 10 -7 < 0 hm-c,n>-l and _ .„ ° ' ^ a " d M eV ' «*e«tively, as 

making up the skeleton or network struoture. of tw , ' Cat,0ns 

— of , h e glass,*, the U SSKTSr^'tP °" "* ** 
made). This independence of conductivity on the Tmmobfll r- ""M"™ 0 ™ could be 
crystalline materials having the rutile t °" " adiUS iS in contrast ,»ith 

increasing radius of the at o Jcon, 7 '" *"* *«-"• ■ <*» 

lattice. =ompns,„g ,he skeletal structure due to the expansion of the 

glassed "TT"' *~» P-eatagea o, both of the blhary 

glasses with X - 0.7, the .conductivity is somewhat higher than in either „f th= , „• 
systems. For example, the Li„m,Al n • . tW0 binary « lass 

... . P ' '" B, 3 A1 3°16 mixture exhibits considerablv hirt,., .. .... 

than either Li 7 Bi 3 0 8 or U 7 A1 3 0 8 glasses. * * conducfvity 
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b. Li20-Ga203 Glasses 




1 /(Temperature, K) 
c. Li20-Bi203 Glasses 

FIGURE 20. CONDUCTIVITIES AND ACTIVATION ENERGIES FOR QUENCHED GLASS 
COMPOSITIONS IN THREE SYSTEMS <28) 
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Ionic conductivity of quenched alkali tungstate and molybdate glasses was reported by 
Nassau et al.(35) Lithium ion conductivities of &n of ^ . tud|fed ^ 

falling in the l 0 -5 to 10"6 (ohm-cm)"! range at room temperature, much higher than the 
polycrystalline phases after crystallization. The measured conductivities yield lithium ion 
diffusion coefficients about 10-H cm2/ sec in the glass phase and lO"" c m 2/sec in the 
crystallized material. 

Since the Li 2 0-W0 3 and Li 2 0-MoO 3 glasses can be made electronically conducting by 
suitable reduction, these materials might be considered for cathodes in lithium batteries. 

Sulfates 

■ '■» 

In a continuing search for high ion conducting quenched glasses, Nassau and Glass^D 
explored glasses containing lanthanum and other trivalent sulfates. A wide glass forming 
region was observed in the Li 2 S0 4 -La 2 (S0 4 ) 3 system with essentially pure glass produced by 
roller quenching compositions containing 20 to 90 percent lithium. Figure 22 shows the ionic 
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FIGURE 22. THE IONIC CONDUCTIVITY OF LITHIUM LANTHANUM SULFATE GLASSES AS A 
FUNCTION OF THE RECIPROCAL TEMPERATURE^!) 



conductivity of lithium lanthanum sulfate glasses as a.function of temperature for a range of 
compositions. The relatively high conductivities are of similar magnitude to the quenched 
oxide glasses produced by these researchers and discussed previously. 

Figure 23 presents the observed conductivity of these sulfate glasses as a function of 
composition at 500 K. The indicated exponential increase of conductivity with lithium ion 
content is analogous to that observed in the oxide systems: Li 2 0-Al 2 0 3 , Li 2 0-Ga 2 0 3 , and 
Li 2 0-Bi 2 0 3 . The difference between the sulfate system and oxide systems is that the 
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phase is not necessarily associated with a high crystalline conductivity, so compositions not 
previously considered for such applications might be worth exploring. 

Although relatively high ionic conductivities have been demonstrated for rapidly 
quenched oxide and sulfate compositions, their values are considerably below the best 
polycrystalline ceramics such as B-AI2O3 [the conductivity of K 0 ff -alumina at 77 F (25 C) is 
on the order of KT 1 (ohm-cm)" 1 ]. However, for applications in solid-state batteries, \he 
important properties are electrolyte resistance (not resistivity), the intimacy of contact of the 
^electrodes and electrolytes, and the chemical durability of the electrolyte- If the glasses can 
be prepared in thin film form directly onto a battery cathode, significantly reduced ionic 
conductivity might be tolerated. 

Glasses Exhibiting Ferroelectric and Pyroelectric Behavior 

Glass( 32 > 37 ) and co-workers at Bell Labs have reported ferroelectric behavior in a 
number of glass compositions prepared by rapid solidification. Typical temperature dependent, 
low frequency (1 kHz) dielectric measurements reported by these investigators on lithium 
niobate and lithium tantalate glasses are shown in Figures 24 and 25, respectively. Upon 
heating, these glasses crystallized over a relatively narrow temperature range near 770 K in 
LiNb0 3 and 900 K in LiTaC>3 to form opaque polycrystalline LiNb0 3 and LiTa0 3 . After 
crystallization, e decreased to a much smaller value and remained small upon cooling 
indicating that the unusual dielectric observations are characteristic only of the giass phase. 

Both LiNb0 3 and LiTa0 3 glasses exhibited a high asymptotic value of e -25 at low 
temperature (5 K) which was suggestive of strong dipolar interactions in the glass; e began to 
increase at about 40 K and reached a value of about 60 at room temperature. The high (>10 5 ) 
and dispersive values of the dielectric measurements are characteristic of disordered 
ferroelectrics with diffuse phase transitions. / 

After cooling the LiNb0 3 glass from 670 K in an applied direct current field of 
100 V/cm, current limited to 10~ 3 A/cm 2 , the material turned black (electrochromism) and 
showed quite a strong dynamic pyroelectric effect and rather non-uniform birefringence. 
Calibration of the pyroelectric response against single crystal LiNb0 3 of similar geometry 
indicated a pyroelectric coefficient of 4 x 10" 10 C/cm 2 K. Heating this material to 500 K 
removed the black coloration but the pyroelectricity remained. Only after heating the glass 
above 670 K did the pyroelectricity completely disappear. 

While these observations are consistent with ferroelectric behavior, the authors( 32 ) note 
that they are not conclusive since reversible pyroelectricity may be expected from an electret 
in which ionic charges or dipoles are frozen into nonequilibrium positions after cooling in a 
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Semiconductivity 
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WITH A FIELD OF 500 V/CM RMS AT 1 kHz(32.37) 



been reported by OhringW and Suzuki.O)] Livage obtained infrared and electron spin 
resonance spectra for both crystalline and amorphous V 2 O s . The results indicate that the 
unpaired 3d electron must be more localized around the vanadium nucleus when the oxide is in 
the amorphous (glass) form, and the hopping frequency of the electrons is about ten times 
greater for the crystalline form. 

Livage reported that electrical conductivity was about one order of magnitude smaller in 
the glass than in the crystal. Revcolevschi<53) repo rts that the conductivity of amorphous 
V 2 0 5 is about two orders of magnitude lower than that for the crystal. 

Livage(54) and Revcolevschi(53) have reported on an interesting fibrous structure for the 
amorphous V 2 0 5 . X-ray and electron diffraction indicate that the fibers presumably 
correspond to chains of V0 5 pyramids directed along the C-axis of the orthorhombic lattice. 
They are several hundred Angstroms long and about 100 Angstroms in diameter. Presumably 
this structure accounts for the ready solubility of the amorphous oxide versus the insolubility 
of crystalline V 2 0 5 . No specific applications are apparent for the semiconducting 
characteristics or unusual microstructure of glassy V 2 Os. 
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Magnetic Properties 
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1 AS A FUNCTION OF TEMPERATURE FOR AMORPHOUS Y 3 Fe 3 0i2< 41 > 



A process patented by Shirk( 45 > 46 ) employs rapid solidification of a. borate composition 
from which barium or strontium ferrites are then derived by nucleation and crystallization. 
The process makes it possible to produce nonagglomerated ferrite particles, of optimum 
particle size and magnetic quality : without grinding or milling by simply separating the 
particles from the remaining nonmagnetic phases. The author reports achieving a coercive 
force of 5,350 Oe for barium ferrite (the highest reported value for this compound). 



Optical Properties 

Shibata et al.M have utilized rapid solidification to widen the glass-forming region of 
fluorides. They produced quenched glass ribbons (10 to 20 urn thick and 1mm wide) of PbF 2 - 
A1F 3 (for 30 to 60 mole percent A1F 3 ) by directing the melt onto a single steel roller rotating 
at a surface velocity of 15 m/sec. Transmission spectra for some of the PbF 2 -AlF 3 glasses 
(15 um in thickness) are shown in Figure 27. The higher wavelength absorption edge originates 
from the AIF3 absorption band around 18 urn. 

By extrapolation of data on absorption losses versus photon energy for PbF 2 -AlF 3 
samples, it is predicted that minimum loss (less than 0.1 db/km) should exist in the 3 to 
4 ym wavelength region. The glasses are resistant to moisture and of low toxicity, but have 
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relative to the quench surface. An additional effect of the rapid quench was to disorder A-site 
vacancies. The author suggests that the rapid quenching orientational effects might be 
advantageously applied to ferroelectric or electrooptic materials, and that randomizing of 
vacancy sites might increase the mobility of ion^ in ion conductors such as stabilized ZrC>2 or 

Bi 2°3- < - 

Suzuki^ 7 ) reported producing the high temperature fee form of B12O3 with a high degree 

of orientation by rapid quenching. The high temperature form could be retained within the 

^compositional range of 4 to 6 mole percent of M0O3 additive. Single roller quenching 

produced crack-free films with grain elongation (perpendicular to the quench surface) 

coinciding with the <111> direction. 

The electrical conductivity of the film exhibited a high degree of anisotropy as shown in 
Figure 28. The conductivities along the film length and width were close to 10~ 2 (ohm-cm)" 1 
around 752 F (400 C), three orders of magnitude greater than that along the film thickness. 
The quenched film became unstable above 842 F (450 C). 

Pendant drop extraction experiments at Battelle-Columbus (unpublished data) have 
produced a variety of quenched forms from high alumina-zirconia melts. By varying process 
parameters it was possible to form micro-foils, fibers, or spherical particles as illustrated in 
Figures 29, 30, and 31, respectively. Micro-foils were produced in sizes up to about 1/32 in. 
wide by 1/4 in. long, discontinuous fibers ranged up to -1 in. , in length, and the particle 
diameters ranged from about 10 mils down to a few mils. The surface structure of the 
piarticles exhibited dendritic crystal growth oriented perpendicular to the surface. Figure 31 
shows that these particles have a high surface area, suggesting possible application as catalyst 
supports. Very fine dendritic structures of particles or fibers might be utilized to form 
consolidated or composite structures with unique mechanical properties. 

Summary of RS Ceramic Properties and Applications 

The following summary is based on the preceding discussions and Table 1. 

• Surprisingly high lithium ion conductivities have been demonstrated for 
quenched oxide and sulfide glasses. However, their use in solid-state batteries 
would have to be justified by some combination of additional features such as 
the ability to be applied in thin film form or chemical durability because their 
demonstrated conductivities are still well below crystalline conductors such 
as 3-AI2O3. 

• The observed temperature dependence. of dielectric constants might be utilized 
in dielectric bolometers for measuring temperatures or for studying other 
temperature altering phenomena. 

e The high polarizability of some of the glasses might make them useful in 
electrostatic energy storage or pyroelectric devices. 
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FIGURE 29. MELT EXTRACTED MICRO-FOILS .'A 

In short, a wide variety of interesting property characteristics have been demonstrated 
for rapidly solidified ceramics. However, in many, if not most potential applications, the 
utility of such properties depends on being able to form the RS material into a useful 
configuration, while retaining beneficial properties and without introducing competing side- 
effects (i.e., scattering loss or lowered dielectric strength in an improved electrooptic). 




I • Interesting and potentially valuable property characteristics have been •* 

I demonstrated for RS ceramics in the laboratory— there is no known effort 

I toward commercialization. 

r 

| , • Tne processing equipment developed produces small flakes, discontinuous foils, 

- V or micro-ribbons suitable for laboratory purposes. 

| • No apparent effort has been expended on how to produce RS ceramics in 

| significant quantities, sizes, and forms for potential commercial use. 

In brief, this technology might be characterized as showing tantalizing potential for 
producing unusual ceramic properties, but development of processing to form RS ceramics in 
useful configurations while retaining unique properties is needed to permit commercial product 
development. 
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31466 a. General Shape of Particles 500X 




31467 b. Surface Structure 7500X 



FIGURE 31. SEM PHOTOS OF MELT EXTRACTED PARTICLES 
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For convection-dominated processes the factors include: 

— Atomization of the melt. [The very high temperatures of ceramic 
melts pose materials-of-eonstruction problems for atomization 
equipment. The laser spin melt and free fall cooling studies of 
Topol( 2 > 22 ) are the only reported attempts at atomization and 
quenching of ceramic melts. It seems likely that the reported process 
was subject to significant variations in the melt temperature and ^ - 
quench rate as indicated by the variation in spherule size and variable 
glass yields produced.] 

> . 

ft 

PLAUSIBLE PROCESS ROUTES TO COMMERCIAL RS CERAMICS 

In order for rapidly solidified ceramics to emerge from the laboratory and achieve 
commercial relevance, processes must be conceived and demonstrated for producing forms and 
shapes of commercial utility. Some process routes might be borrowed or modified from 
development work on rapidly solidified metals. However, RS ceramics are expected to be 
brittle in contrast to the usual ductility of RS metals. Thus, ceramic forming or consolidation 
processes must accommodate or circumvent this problem. 

The high cooling rates needed to produce glassy or metastable crystalline ceramics limit 
the dimensions of products that can be directly formed by rapid solidification. In direct 
forming there must be at least one small dimension through which most of the heat can be 
rapidly extracted. Forms such as coatings, sheets, or ribbons might be formed directly by RS; 
but, thick plates, large diameter rods, or bulky three-dimensional shapes would require some 
form of a secondary consolidation process. Such consolidation would obviously have to be 
performed under conditions of temperature and time which would not cause transformation of 
the metastable RS ceramic into equilibrium structures. 

Direct Forming 

Foils and Ribbons 

Some of the RS processes applied to ceramics have produced foil or ribbon-like products. 
For example, SuzukiW centrifugally. cast ribbons 1 to 40 urn thick, -0.08 in. (-2 mm) . wide and 
up to 4 in. (10 cm) long of mostly amorphous y 2 0 5 . Laville( 47 > formed small ribbons up to 
several inches long of BaO-Fe 2 03-B 2 0 3 glass by the twin roller technique. Refinement of 
these or other techniques may make it possible to form continuous foils or ribbons. 
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Coatings 
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Indirect Forming 
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Consolidation 
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isostatically press (HIP) such a powder to essentially theoretical density at several hundred 
degrees C below this temperature. Therefore, it is anticipated that the powder should be 
capable of full consolidation while retaining its amorphous character. 
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